In this paper, we set the new limits on the equation of state parameter (EoS) of dark energy with the observations of cosmic microwave background radiation (CMB) from Planck satellite, the type Ia supernovae from Pan-STARRS and the baryon acoustic oscillation (BAO). We consider two parametrization forms of EoS: a constant w and time evolving w(a) = w0 + wa(1 − a). The results show that with a constant EoS, w = −1.141 ± 0.075 (68% C.L.), which is consistent with ΛCDM at about 2σ confidence level. For a time evolving w(a) model, we get w0 = −1.09
I. INTRODUCTION
Since the discovery of the accelerating expansion of the universe from the observations of type Ia supernovae (SNIa), dark energy, the most mysterious component in our universe which drives the acceleration, remains the hot topic in modern cosmology. The equation of state parameter (EoS), which is defined by the ratio of pressure and energy density, is one of the crucial parameters for characterizing the nature of dark energy. Therefore, extraction of the information on EoS plays important role in understanding dark energy.
Recently, many new data sets are released, such as, the first 15.5 months observational data from the Planck mission on the temperature power spectrum of CMB [1] , and the new SNIa data from the Pan-STARRS observational project [2, 3] , which includes 112 SNIa discovered in its first 1.5 years along with a low-z sample of 201 supernovae from other surveys and covers the redshift from 0.01 to 0.63. With the high quality data, the new limits are anticipated, for example, the Planck data favor more negative w of dark energy and much lower value of Hubble constant compared with that obtained from previous WMAP observations [4, 5] , which may be a new hint for dark energy [6, 7] . Also, with the accumulation of observational data sets, the better constraints on dark energy are anticipated, and in this paper we study the new constraints on EoS by performing the global data fitting analysis.
Fitting with the data, usually it needs introducing the parametrization for EoS, so that the evolution trajectory of dark energy component, such as the energy density, are described. The simplest model for EoS parametrization is ΛCDM, which assumes dark energy is cosmological constant and its EoS w = −1. Although it is simple and can be comparable with the current datasets, however, many issues, such as the cosmological constant problems and the so called coincidence problems remain to be unanswered [8] [9] [10] . Many other dark energy models, such as constant EoS and time evolving EoS assuming w(a) = w 0 + w a (1 − a), are also widely adopted in the literature [11, 12] . Although a parameterized EoS is simple and easily to be adopted in the data fitting analysis, it shapes the evolution of dark energy to be a special trajectory and this will cause bias. Comparing with the parameterized EoS, w of the piecewise constant bins, which assumes EoS in certain redshift bins to be a constant instead of shaping w in certain form, can avoid the bias introduced by the special parametrization and thus it is widely studied in recent years [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Basing on the EoS of piecewise constant bins, the further model-independent studies, the principal component analysis (PCA) method, are developed. The essence of PCA is to identify the direction of data points clustering in the parameter space and allows a dimension reduction of the parameter while keeping the loss of information minimum [25] . PCA was first adopted in addressing the issue of parametrization of dark energy properties by Huterer and Starkman in 2003 [15] , in which the w(z) was expanded in terms of orthogonal function modes that were determined by the observational data. By truncating the poor modes, the reconstructed EoS can be less noise affected and more physical. Another variant type of PCA called local PCA was first taken by Huterer and Cooray in 2005 [13] , which develops in recent years and is widely used in the dark energy model-independent data analysis [14, 16, 17, 23, 24, 26] . This approach uses a set of new uncorrelated piecewise constant parameters, which can be regarded as localizing in the corresponding redshift regions, as the truly physical EoS of dark energy.
In this paper, we study the new constraints on dark energy by including the Planck temperature power spectra, low-ℓ WMAP9 polarization data, the SNIa sample released by the Pan-STARRS Project and the BAO measurements from Large Scale Structure (LSS) surveys. We consider the parameterized EoS, a constant EoS and the time-evolving EoS of w(a) = w 0 + w a (1 − a), and the non-parameterized EoS with the PCA method. Our paper is organized as follows: In Section II we describe the method for global fitting and the observational data sets used in the numerical analysis; Section III and Section IV contains our mainly global constraints of the EoS for the parameterizations case and non-parameterized case from the current observations. The last Section V is the conclusions.
II. METHOD AND DATA

A. Numerical Method
We perform a global fitting of cosmological parameters using the CosmoMC package [27] , a Markov Chain Monte Carlo (MCMC) code. We assume purely adiabatic initial conditions and a flat Universe. The pivot scale is set at k s0 = 0.05Mpc −1 . The following basic cosmological parameters are allowed to vary with top-hat priors: the cold dark matter energy density parameter Ω c h 2 ∈ [0.01, 0.99], the baryon energy density parameter Ω b h 2 ∈ [0.005, 0.1], the scalar spectral index n s ∈ [0.5, 1.5], the primordial amplitude ln [10 10 A s ] ∈ [2.7, 4.0], the ratio (multiplied by 100) of the sound horizon at decoupling to the angular diameter distance to the last scattering surface 100Θ s ∈ [0. 5, 10] , and the optical depth to reionization τ ∈ [0.01, 0.8]. Besides these six basic cosmological parameters, we have introduced the EoS parameters for dark energy models. We consider the model of a constant EoS which introduces w to remain constant (c − w model), time evolving dark energy model which assumes w(a) = w 0 + w a (1 − a) (te − w model) and we also consider EoS of piecewise constant bins (bin − w), in which we divide the redshift range into N bins and assume EoS to be a constant in each bin. Then the parameters for dark energy can be summarized in the following equations,
where w i stands for the value of EoS in the ith bin, z i and z i+1 respectively denote the redshift of the start and end points of the ith bin, and the tanh function is adopted to link the neighbour two bins EoS transition smoothly. The parameter ξ in the tanh function is used to control the transition width of tanh, and in our calculation we control that such transition between two bins is sharp. This treatment guarantees that w(z) can be handled as a smooth function, and the value of EoS in each bin can be approximately considered as a constant w i . We have set the free parameters of w in the scale of w i ∈ [− 10, 8] for each of dark energy models. When using the global fitting strategy to constrain the cosmological parameters, it is crucial to include dark energy perturbations [28] . In this paper we use the method provided in refs. [28, 29] to treat the dark energy perturbations consistently in the whole parameter space in the numerical calculations, and we set the value of sound speed of dark energy perturbations c 2 s ≡ δp/δρ to unity. Therefore, the most general parameter space in the analyses is:
In our analysis, we consider the following cosmological probes: i) temperature power spectra of CMB temperature from Planck satellite and low-ℓ polarization data from WMAP; ii) the baryon acoustic oscillation in the galaxy power spectra; iii) luminosity distances of type Ia supernovae.
For the Planck data from the 1-year data release [1] , we use the low-ℓ and high-ℓ CMB temperature power spectrum data from Planck with the low-ℓ WMAP9 polarization data. We marginalize over the nuisance parameters that model the unresolved foregrounds with wide priors [30] , and do not include the CMB lensing data from Planck [31] .
Baryon Acoustic Oscillations, which measures the distance-redshift relation basing on the features in the clustering of galaxies of large scale surveys, provides an efficient method for measuring the expansion history. It measures not only the angular diameter distance, D A (z), but also the expansion rate of the universe, H(z), which is powerful for studying dark energy [32] . The traditional BAO data are not accurate enough for extracting the information of D A (z) and H(z) separately [33] , so one can only determine an effective distance [34] :
Following the Planck analysis [1] , in this paper we use the BAO measurement from the 6dF Galaxy Redshift Survey (6dFGRS) at a low redshift (r s /D V (z = 0.106) = 0.336± 0.015) [35] , the measurement of the BAO scale based on a re-analysis of the Luminous Red Galaxies (LRG) sample from Sloan Digital Sky Survey (SDSS) Data Release 7 at the median redshift (r s /D V (z = 0.35) = 0.1126 ± 0.0022) [36] , the BAO signal from BOSS CMASS DR9 data at (r s /D V (z = 0.57) = 0.0732 ± 0.0012) [37] , and the BAO signal from WiggleZ measurement at z = 0.44, 0.60 and 0.73 [38] .
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For SNIa data, we adopt the first 1.5 years data release of Pan-STARRS project along with some other data from a combination of low-redshift surveys, which gives the Hubble diagram of 313 SNIa and provides the most distant luminosity distance around redshift 0.6. In the analysis, we take into account the systematic errors matrix provided by A. Rest and D. Scolnic [2, 3] . When calculating the likelihood, we marginalize over the absolute magnitude M , which is a nuisance parameter, as explained by Ref. [1] . Comparing with Union2.1 [42] or JLA (joint light-curve analysis) [43] , the data set from Pan-STARRS first 1.5 years contains relatively smaller number of SNIa and lacks high-redshift supernovae (the maximum redshift is 0.63), which may weaken its constraining power in high redshift. However, the Pan-STARRS data has the advantage that its sample composition is relatively uniform, which means a more homogeneous distribution of supernova in redshifts and smaller systematic errors of distances modulus. Moreover, as a high-redshift program, Pan-STARRS survey is ongoing, so the shortage in SNIa total number and high redshift number will be overcome in the future, which is an important reason why we choose it as our SNIa data set for analysis.
III. NUMERICAL RESULTS A
In this section we present the constraints on EoS parameters of dark energy from the global fitting analysis in two different scenarios: a constant EoS (c − w) and time-evolving EoS (te − w).
A. Constraints on c − w Scenario
Firstly, we consider the constant EoS dark energy model. In table I we show the constraints on some related cosmological parameters from the data combinations of Planck, BAO and Pan-STARRS supernovae sample. By using the data combinations above, we obtain the 68% constraint of w = −1.141 ± 0.075, which is consistent with the previous work, such as the result w = −1.149
+0.078
−0.072 obtained by Rest et al. in ref. [3] and the one shown in Fig.1 of ref. [44] , both of which use the similar data combination Planck+BAO+Pan-STARRS like ours. These results show that the current compilation 1 In fact, during our preparation for the current paper, BAO measurement have obtained rapid progress, and many group provide the separated information of D A (z) and H(z) thanks to the accumulation of large samples of galaxies [39] [40] [41] , and we will consider to adopt them in our future study. of Pan-STARRS is enough to provide good constraint on constant EoS of dark energy when combined with other probes. Similar tightly constraints on w from Pan-STARRS can be compared with that from some other SNIa measurements. For example, the Planck+Pan-STARRS gives a 68%C.L. limit of w = −1.173
−0.080 [3] obtained by Rest et al., which is slightly weaker than the constraints from Planck+JLA combination [43] and WMAP7+Union2.1 combination [42] . In fact, when using the SNIa data only, Pan-STARRS and Union2.1 give similar 68%C.L. constraint on w of w = −1.015 +0.319 −0.201 [3] and w = −1.001
+0.348
−0.398 [42] respectively, which shows the Pan-STARRS data is even stronger. On the other hand, the ΛCDM model with w = −1 is still compatible with our constraint on w under the data combination of Planck+BAO+Pan-STARRS at 2 σ confidence level. In spite of such consistency, the combination data sets including Pan-STARRS still show an insignificant tendency to w < −1, while the data combination including Union2.1 or JLA data are more compatiable with ΛCDM [43, 44] . Moreover, our result is close to that constraint from Planck, which gives w = −1.12
under the data combination of Planck+BAO+SNLS.
The constraint on w is model-dependent. As shown in figure 1 , the constraints on w could be changed in some extended c − w dark energy models, due to the possible degeneracies between w and other extended parameters in different models. In the model of allowing a non-zero spatial curvature, we get w = −1. w shown here under these extended c − w models are all obviously weakened. Moreover, as the existence of correlations between w and these extended parameters, data combinations prefer a more negative results on w under some extended models. Under the framework of c − w⊕Ω K , the coefficient of the correlation between EoS and spatial curvature is cov(w, Ω K ) = 0.43, so the slight tendency to a closed universe shown in the fitting value of Ω K needs to be compensated by the more negative EoS as listed above, which rules out w = −1 at more than 2σ C.L.. Similarly, under the model of c − w⊕ m ν , the negative correlations between w and m ν (cov(w, m ν ) = −0.53) and a nonzero neutrino mass bring down the value of w, which also shows a deviation from ΛCDM at nearly 2σ C.L.. −0.51 for 68% C.L., which are consistent with our previous results from fitting with Planck and Union SNIa sample [7, [45] [46] [47] [48] [49] and the Planck collaboration [1] . In figure 2 we show the two-dimensional constraints in the (w 0 ,w a ) panel which can be compared with the prediction of the ΛCDM model. We find that the ΛCDM (w 0 = −1, w a = 0) is still favored at about 1 σ confidence level. We have also separated the parameter space into six regions: two regions of w(a) > −1 (regions C and F for Quintessence dark energy models), two regions of w(a) < −1 (regions E and D for Phantom dark energy models), and two regions representing two kinds of Quintom models (A and B for Quintom model A and Quintom model B) of which w(a) can cross −1 during its evolution, by the lines of w 0 = −1, w 0 + w a = −1, and w a = 0. Note that the region E and F are two special Phantom and Quintessence regions respectively. For the region E, the corresponding EoS will keep below −1 even in the far future. Correspondingly, EoS in region F will remain w > −1 for ever. With the data selected contour, it gives that Qunitom dark energy models cover large area of parameter space. While the best fit point (w 0 = −1.09, w a = −0.34) is obviously located in the region D, which belongs to the Phantom dark energy models and implies the EoS crossing −1 in the future.
As can been seen that w 0 and w a are correlated with each other, which is doomed by the formation of the parametrization. To get uncorrelated EoS parameters in the 2-parameter framework, we can find a pivot red-shift z p where w is uncorrelated with w a and use w(z p ) as a parameter instead w 0 to redo the parametrization [50] . But such parametrization is still model dependent. In the following, we will abandon the parametrization and discuss the model independent data fitting analysis of EoS parameters.
IV. NUMERICAL RESULTS B: BIN EOS
In this section, we do the model independent data fitting for dark energy. Abandoning the parametrization for EoS, we divide the redshift range into several bins and assume w to be a constant in each bin. Considering that the supernovae of Pan-STARRS sample are mostly in the redshift range z ∈ (0, 0.6), most of our redshift bins for the EoS are set in (0, 0.6), and in each bin the constraining power from the data are almost comparable. For the choice of the number of bins, there is a balance we keep in mind. On the one hand, more bins can provide a easier way for us to trace the time evolving behavior of dark energy and reduce the parametrization dependence. On the other hand, you can not expect the number of bins to be infinity since the constraining power from the observational data is limited. In order to choose a suitable number of the bins, we introduce the χ 2 statistic to pick out the bins's number.
By comparing the χ 2 of the data fitting with picking different number of bins, we pick the 7 bins as a suitable choice for bin EoS analysis since it can give the smallest χ 2 . We set the 7 bins localized between z = 0 to z = 1, in each bin the EoS w is a free parameter, and when redshift goes beyond 1, we fix w = −1, since the choice of the bins depends on the redshift of SNIa data sample. The nodes of the redshift bins are: 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6 and 1. Fitting with the data sets of Planck, Pan-STARRS SNIa sample and BAO, we can get the constraints on w i in each bin.
A. Constraints on w in Each Bin
In figure 3 , we show the constraints for w i after marginalizing over other cosmological parameters. The points with the error bars are located in the center of each redshift bins. Taking into account the corresponding error bars, we find that most of the mean values of these points are consistent with the prediction of ΛCDM model.
However, the EoS parameters w i are correlated, as the correlation coefficients between w i are usually not equal to 0 from fitting with the data sets. The uncorrelated EoS are anticipated and are thought as the real description for dark energy. On the other hand, one can find that most of EoS parameters in different bins have relatively large errors, which means that the fitting result may be noise dominant and need some special treatment for excluding the noise and picking up the physical signal of EoS. In order to do that, we adopt the PCA method, and do the decorrelation treatment analysis. We also adopt the so called local PCA method for giving the EoS information in the local bins and we will introduce these results in the following two subsections.
B. Principal Component Analysis
In order to get uncorrelated information of EoS of dark energy, we adopt the PCA method [13, 15] . From MCMC, we can compute the covariance matrix of w i by marginalizing over the other cosmological parameters,
where p is the vector of EoS parameters of dark energy w i and p T is its transpose, and the Fisher matrix of p is F = C −1 . In order to get uncorrelated w i , we should rotate p into a basis where the covariance matrix (or the Fisher matrix) is diagonal. To do that, we rotate the Fisher matrix by an orthogonal matrix W ,
where D is diagonal. The new parameters, now, can be written as q = W p which are uncorrelated with each other because they have the diagonal covariance matrix D −1 . The q i are supposed to be the principal components (PCs) and the rows of the decorrelated matrix W, e i (z), are the eigenvectors (or the weights) which define the relations between the original parameters and the principal components.
There are many matrixes that can realize the diagonalization of F . The special type of decorrelated matrix which absorbs the diagonal elements of D 1 2 into the rows of W mentioned above, multiplying any orthogonal matrix O, W * = OD 1 2 W , can also diagonalize F and make the parameters q uncorrelated. In order to get uncorrelated EoS of dark energy which are physical without artificial treatment, we choose to adopt the following two kinds of realization: I. Normal principal component analysis: diagonalizing F by an orthogonal matrix W , and then we order the eigenvalues of the diagonal matrix from small to large, by doing this we can fix the form of the orthogonal W matrix. In this case, we can filter out the better constrained eigenmodes as well as the nosing modes. With the better constrained eigenmodes, we can reconstruct EoS of dark energy, which should be better constrained. II. We do the local PCA by choosing the decorrelated matrix
2 W , and normalize W by making its rows sum to unity, which can ensure q(z) = −1 standing for ΛCDM . This choice has the advantage that the weights of w i are almost positive defined and fairly well localized in the redshift bins.
weight I: normal PCA
We diagonalize F , and realize F = W T DW . The diagonal elements of D are d i , and each of uncorrelated parameters q i has the error σ(
There are many orthogonal matrixes that can realize the diagonalization of F, however, after ordering the diagonal element of D, the decorrelated matrix W is fixed to the only one.
We plot the eigenvectors of different modes in figure 4 . From the shapes of the eigenvectors respect to redshift z, we can judge the better constrained modes, which have smaller error bar and less oscillation. While the eigenvectors which oscillate frequently and correspond to the eigenmodes having larger errors, are usually noise dominant, and can be ignored in principle. By keeping those good eigenmodes, we can reconstruct EoS w(z) as:
where M stands for the number of eigenmodes we adopt to reconstruct w(z). We plot the uncorrelated parameters q i in figure 5 . Basing on these components, we reconstruct EoS parameters. In order to get better constraints in the reconstructed w(z), we truncate the badly constrained eigenmodes and just consider the contribution from the good ones. By using Eq.(6), we compare four cases for adopting different number of eigenmodes respectively in figure  6 . For adopting all the eigenmodes, it will recover the same w(z) in figure 3 .
In fact, when reconstructing w(z), two things should be balanced properly, a). Adopting fewer modes into the The eigenvectors (or the weights) from different eigenmodes which correspond to the different PCs. The black line corresponds to q1, the red line corresponds to q2, the blue line corresponds to q3, the green line corresponds to q4, the magenta line corresponds to q5, the yellow line corresponds to q6 and the cyan line corresponds to q7. reconstruction in order to avoid too much noise, however, it might lead to obvious bias; b). Adopting too much modes to avoid the risk of deviating from the true EoS, but this brings too much noise which will weaken the final constraints on EoS. To quantify such balance, we perform the calculation of risk following the paper [15] , where
Here, the w(z i ) stands for the value of reconstructed w(z) by taking into account different number of eigenmodes at the redshift z i , and σ(w(z i )) is its corresponding uncer- tainties. Thew(z i ) denotes the fiducial value of w(z) at redshift z i , which can be approximately considered as the value of original bin-w. N denotes the total number of bins. Thus, by using the Eq.(6), the risk can be regarded as the function about number of eigenmodes to be kept, M . In the figure 7, we illustrate the risk value of considering different number of eigenmodes. Obviously, M = 4 is the best choice to minimize the risk. With 4 eigenmodes, the reconstructed EoS are showed in the lower panel (left) of figure 6. Basing on this result, we find that most values of EoS are consistent with ΛCDM. However, there are still some bins that show slight deviation from w = −1, such as the second, fourth and sixth bins, the deviation is at about 95% C.L.. The EoS in the redshift 0.05 < z < 0.1 behaves greater than −1, while in the redshift 0.2 < z < 0.3 tends lower than −1, which imply a weak behavior of time-evolving dark energy with w crossing −1. For using more eigenmodes to reconstruct w(z), the larger error will obscure such behavior (upper two panels of figure 6 ) and with less eigenmodes, the oscillating hint is still obvious, as shown in the lower panel (right) of figure 6.
weight II: local PCA
Absorbing the diagonal elements of D 1/2 into orthogonal W , and multiplying another orthogonal matrix, is another useful realization, where we adopt W , which is W ≡ W T D 1/2 W , as the decorrelated matrix. The ad- vantage of this choice is that the eigenmodes are localized distributed in each redshift bin and the weight of each mode is positive, and this kind of choice is considered as a useful basis for achieving the uncorrelated quantities, and is widely used in the analysis of the uncorrelated galaxies power spectrum [51] and EoS of dark energy [13, 14, 16, 17] .
In the upper panel of figure 8 , we show the final 68% and 95% C.L. constraints on the seven uncorrelated parameters q(z), which are thought as the uncorrelated EoS. We also plot the weight of each mode that does the decorrelation in the lower panel of figure 8 . As shown in Fig. 8 , most bins of q(z) are consistent with w = −1 at 95% C.L., and there exists weak hint for dynamical behavior of dark energy in the redshift around 0.1 < z < 0.6, especially around the range of 4th bin, which shows deviations from w = −1. However, considering the large errors, we need more accurate data to confirm it. In the lower panel of Fig. 8 , we plot the weight for each bin, and the weight function well shows its positive and localized properties, which make the uncorrelated q i approximately one-to-one corresponds to original w i and better represents the true EoS.
V. SUMMARY
Extracting the information of EoS plays crucial important role for understanding dark energy. In this paper, we discuss the latest constraints on EoS of dark energy with Planck, Pan-STARRS SNIa sample and BAO. We have performed 3 different data fitting by adopting a constant EoS, a time-evolving EoS and model independent method in which we divide redshift from 0 to 1 into several bins and assume EoS to be a constant in each bin.
When assuming w to be a constant, we get w = −1.14 +0.14 −0.15 at 2σ C.L., while fitting with time-evolving 5 at 2σ C.L.. Basing on those results, we can say that, at current stage, ΛCDM can be comparable with the observational data at about 2σ confidence level. For the c − w model, the constraint on w can be affected when allowing for different extended c − w model parameters. For te−w model, most area of confidence region in the w 0 , w a parameter space is covered by the Quintom models but it is still consistent with ΛCDM model. For the bin-w case, although the global fitting results about w i in each bin are all well consistent with w = −1, however, there is a weak hint in the model-independent PCA analysis that w may deviate from −1 in some of the bins. Basing on the normal PCA, results about the reconstructed w(z) imply a behavior of crossing −1 when ignoring severe badly constrained eigenmodes, while adding in more modes will enlarge the error bar and obscure this hint. The local PCA results about effective EoS q(z) indicate a evidence of w < −1 in the 4th bin but not very significant. To confirm such hint we should still keep in mind that the error bars are large for most of the bins.
To do further model independent data analysis of dark energy, we need more bins, still it need more SNIa. With the future progress in observations, hopefully, we can detect the signatures of the dynamics of dark energy or confirm whether or not EoS remains to be the cosmological constant.
